nearby fields were used as controls. Cultivars Ouyen and WB Rockland were resistant to H. avenae and susceptible to H. filipjevi. Cultivars Sönmez and SY Steelhead were resistant to H. filipjevi and susceptible to H. avenae. Cultivars Louise and WB 936 were susceptible to both species. The resistance of SY Steelhead to 'H. avenae' reported in a previous paper should be corrected as resistance to H. filipjevi due to an earlier erroneous identification of H. filipjevi. Management guidelines that include crop rotations and resistant cultivars are presented. Discovery of additional infestations of H. filipjevi are anticipated when DNA-based tests become used routinely in commercial diagnostic laboratories. ______________________________________________________________________________________________ Cereal cyst nematodes (CCN) are a widespread and important group of sedentary plant-parasitic nematodes that restrict production of cereal crops throughout the world (5, 28, 35, 49, 60 ). Twelve species in the H. avenae complex (14) invade roots of cereals and grasses, of which H. avenae Wollenweber, 1924, H. filipjevi (Madzhidov, 1981) Stone, 1985, and H. latipons Franklin, 1969 are the most economically important to cultivated cereals worldwide (28, 35, 49) .
Heterodera avenae was first detected in the USA in 1974, in western Oregon (20) , and is now reported in seven western states that include the Pacific Northwest (PNW) states of Idaho, Oregon and Washington (43) . H. avenae has reduced yields of susceptible wheat cultivars by as much as 64% (43, 46, 48, 50) and is estimated to reduce the profitability of wheat production by at least $3.4 million annually in the PNW (43) .
Heterodera filipjevi was first detected in the USA in 2008 (51, 64) . Both H. avenae and H. filipjevi occur in Oregon (65) but the extent to which H. filipjevi occurs elsewhere in the western USA remains unclear. H. filipjevi is closely related to H. avenae in the H. avenae group complex and morphological differences on cysts and second-stage juveniles are very minor (14, 17, 53) . Distinction between H. avenae and H. filipjevi using microscopic procedures is timeconsuming and requires skill, training, and goodquality nematode specimens (65) . Commercial laboratories in the PNW therefore routinely identify CCN only to the genus level. They report "cereal Heterodera spp." as differentiated from "beet Heterodera spp." but do not differentiate H. avenae from H. filipjevi.
Distinguishing between H. avenae and H. filipjevi is important because current control practices are limited. Both species can be controlled using rotations in which susceptible cereals are not produced more than once in a 3-yr interval (28, 35, 49, 60) . However, long rotations including broad-leaf crops and long periods of fallow are of limited value to producers in PNW wheat-producing regions where other crops are less profitable than wheat. Wheat is therefore produced mostly in two-year rotations that do not adequately suppress the nematode density before the next crop of susceptible wheat is planted. Spring wheat cultivars with resistance to H. avenae were recently identified (47, 48) but resistance to H. filipjevi has not been evaluated in the PNW. Research in other countries indicated that individual wheat cultivars may differ in their ability to serve as hosts of these two nematodes; cultivars resistant to H. avenae may not be resistant to H. filipjevi, and vice versa (29) .
Molecular techniques offer more rapid and accurate alternatives for distinguishing species of cereal cyst nematodes than can be achieved with morphological identification. Polymerase chain reaction-restriction fragment length polymorphisms (PCR-RFLP) based on the internal transcribed spacer (ITS) region of the ribosomal DNA repeat unit has facilitated quick and precise identification of plantparasitic nematode species including cyst nematode species and subspecies (1, 6, 26, 36, 54, 55) . Yan and Smiley (65) optimized a PCR-RFLP procedure to discriminate the species of Heterodera populations collected from infested fields in Oregon. Since the protocol was based on cleavage by up to six restriction endonucleases, and was expensive, a single-step PCR was preferred. To overcome that limitation, Yan et al. (67) developed a robust and species-specific PCR assay to differentiate H. filipjevi from H. avenae, and concluded that assays for both species would enhance the diagnosis of CCN species in PNW wheat fields.
In April 2014, the authors of this paper received a fresh sample of H. avenae from a field in Washington that had not been included in our earlier laboratory, greenhouse and field studies with populations of H. avenae (48, 52, 65, 67) . The sample consisted of soil containing dislodged brown cysts and wheat stubble in which white females remained embedded in roots. Initial PCR evaluations of DNA from eggs taken from brown cysts extracted from the soil and from swollen white females attached to roots indicated that the population from the new sample was not H. avenae. The PCR method used (67) has been consistently efficient in detecting H. avenae but not detecting other species of CCN in PNW wheat field soils.
The objectives of this study were to identify the species of CCN in the sample from Washington, to determine whether other fields near the collection site were also infested with that species, and to compare the virulence of that species with populations of H. avenae from nearby fields in the same region.
MATERIALS AND METHODS
Identification. White females were extracted by picking them directly from root tissue and transferring them to an Eppendorf tube containing sterile water. Brown cysts were also extracted from soil using the sieving-decanting method (18) in which soil was placed on the top of a set of sieves consisting of 710-, 425-, and 250-µm-pore sieves. Cysts collected on the bottom sieve (250 µm) were picked with a dissecting needle under a stereomicroscope, transferred to an Eppendorf tube containing sterile water, and stored at 4 o C for nematode identification. Motile juveniles were isolated from soil samples using the Whitehead tray method (62). For soil samples with high population densities, approximately 50 eggs from at least five cysts or 50 second-stage juveniles from each soil sample were placed in 40 µl of sterile PCR-grade water on a concave glass slide and cut into pieces under a microscope. For soil samples with low population densities, approximately 20 eggs or second-stage juveniles from each soil sample were used and placed in 20 µl of sterile water. DNA was extracted from these nematodes using previously described methods (67, 65) . Briefly, the nematode suspension was transferred to a 0.5-ml sterile tube containing worm lysis buffer (500 mM KCl, 100 mM Tris-HCl PH 8.3, 15 mM MgCl 2 , 10 mM DTT, 4.5% Tween 20, 0.1% gelatin). The contents were immediately frozen at -20 o C for at least 20 min. The nematode suspension was thawed and proteinase K was added into each sample. The tubes were incubated at 65 o C for 1 h and then at 95 o C for 10 min to inactive the proteinase K. The nematode lysis mix was centrifuged and the supernatant was transferred to a clean 0.5 ml tube and frozen at -20 o C until used for the following PCR assays. DNA was quantified using a NanoDrop 2000c Spectrophotometer (Wilmington, DE).
Species-specific PCR assays (67) were conducted to determine species identity. The primers HaITS-F6 (5'-ATGCCCCCGTCTGCTGA-3') and HaITS-R4 (5'-GAGCGTGCTCGTCCAAC-3'), with an amplicon size of 242 bp, were used to identify H. avenae. The forward PCR primer HfITS-F1 (5'-CCCGTCTGCTGTTGAGA-3') and reverse primer HfITS-R1 (5'-ACCTCAGGCTTTTATTATCAC-3'), with an amplicon size of 170 bp, were used to identify H. filipjevi. PCR reactions in a volume of 25 µl consisted of the DNA template (3 µl), 1x PCR buffer, 0.2 mM dNTPs, 1x Cresol Red in 20% glycerol, 0. o C for 7 min. PCR products were separated on 2% agarose using 0.5x TBE buffer (45 mM of Tris-borate, 2 mM of EDTA, pH 8.0), and stained with ethidium bromide. Amplicon sizes were extrapolated using a 100 bp DNA ladder (Roche, Mannheim, Germany). Banding patterns were visualized under UV light and photographed using a Polaroid digital camera (Polaroid, Bedford, MA).
PCR-RFLP assays (65) were conducted to confirm the species identity. Primers 18S (5′-TTGATTACGTCCCTGCCCTTT-3′) and 26S (5′-TTTCACTCGCCGTTACTAAGG-3′) were used to amplify the ITS region of rDNA. PCR reactions in a volume of 20 µl consisted of the DNA template (3 µl), 1× PCR buffer with 1.5 mM MgCl2, 0.2 mM dNTPs, 0.5 µM each primer, 0.5 mM MgCl2, and 1.25 units of Taq polymerase (Roche). PCR amplification was performed as follows; 94°C for 2 min, followed by 40 cycles of 94°C for 1 min, 60°C for 50s, and 72°C for 1 min, with a final extension at 72°C for 7 min. Each PCR product (5 µl) was mixed with 1 µl of 6× loading buffer (bromophenol blue in sucrose or cresol red in glycerol) and examined in a 1.8% agarose gel stained with ethidium bromide to check the success of PCR amplification. The remaining product was stored at -20°C. Three restriction endonucleases (TaqI, Hinf and RsaI) (Roche) were used for digestions, which were carried out in 15-µl reaction mixtures containing 2 units of enzyme, 1× enzyme buffer, and 10 µl of PCR product at optimum incubation conditions as recommended by the manufacturer for each enzyme. The DNA fragments were partitioned on 1.8% agarose using 0.5× TBE buffer and the length of fragments was estimated by a 100-bp DNA ladder (Roche). The species of Heterodera was determined by comparing restriction patterns with those of control species. DNA standards of H. latipons and H. schachtii were acquired from cooperators in Belgium and France and used as the controls. Isolates of H. avenae (St. Anthony, Idaho) and H. filipjevi (Imbler, OR), verified in previous experiments (67) were also used as controls.
Sequencing was conducted to confirm the species identity. The forward 18S and reverse 26S primers were used to amplify the ITS region of rDNA (65) . PCR reactions and amplification were performed as described above. Each PCR product (5 µl) was mixed with 1 µl of 6× loading buffer (cresol red in glycerol) and examined in a 1.5% agarose gel stained with ethidium bromide to check the quality of PCR amplification. The length and concentration of PCR products were estimated by a 100-bp DNA ladder (New England Biolabs Inc., Ipswich, MA). The PCR products were purified and sequenced at Beckman Coulter Genomics (Beckman Coulter, Brea, CA). The primers18S and 26S as well as two internal primers 5.8SM2 (5′-CTTATCGGTGGATCACTCGG-3′) and 5.8SM5 (5′-GGCGCAATGTGCATTCGA-3′) (31, 53) were submitted for sequencing. DNA sequences were edited using the program BioEdit ver. 7.0.5.3 (13) and deposited in GenBank with accession numbers KM504378 and KM504379. The sequences were compared with those of known cyst nematode species from GenBank using the BLAST program.
Morphological examinations were performed for selected samples to validate the species identity. Key morphological features of the cysts, including color, underbridge in the vulval cone, semi-fenestrae shape, and development of bullae, were used to differentiate H. filipjevi from H. avenae (65) . To observe the underbridge and semifenestra, the vulval cone with intact fenestral area was excised from the cyst using a stereomicroscope and observed at 40× magnification using a Leica compound light microscope (65) (11) . The location of the latter sample was from a field shown on a map that was hand-drawn in 1984 by the collector of that specimen; Dr. J. Pinkerton. The presence of a cereal Heterodera spp. at that location was re-confirmed in 2008 (R. Smiley, unreported data).
The 19 soil samples were collected from fields that were 1) planted to winter wheat the previous autumn, 2) currently being planted to spring wheat, or 3) being planted to a pulse crop such as lentil (Lens culinaris Medik.), field pea (Pisum sativum L.) or chickpea (Cicer arietinum L.). Fields in the region are typically planted to a 2-yr rotation of winter wheat and a pulse crop, or a 3-yr rotation of winter wheat, spring wheat, and a pulse crop. No previous knowledge of infestations with cereal Heterodera spp. existed for 17 of the 19 sampling locations, and no patches of stunted or uneven growth were noted in the winter wheat fields that were sampled; spring crops were not yet planted when fields were sampled on 19 Apr. Soil samples consisted of a composite of 10 shovel slices 2.5-cm thick, 10-cm wide, and 15-cm deep from 2-to 4-ha areas of each field. The geographic coordinates of each collection site were recorded using Google Earth's World Geodetic System of 1984 (WGS84) datum imagery that is based on the Simple Cylindrical (Plate Carree) Projection (https://support.google.com/ earth/answer/148110?hl=en).
Soil was placed into plastic bags and stored at 4 o C for 2 days. Subsamples (500 g) were sent to Western Laboratories (Parma, ID) for extraction and microscopic enumeration of all plant-parasitic nematodes. Western Laboratories uses a modified Oostenbrink elutriator extraction method (18) . All vermiform and encysted life stages are extracted and collected on separate sieves. Cysts were broken mechanically to extract eggs and larvae and added to the suspension of vermiform life stages. The suspension was then concentrated through multiple sequences of centrifugation and density flotation using an MgSO 4 solution. All plant-parasitic nematodes were enumerated at the genus level. The Heterodera counts included eggs and juveniles from crushed cysts as well as juveniles extracted directly from the soil matrix. Western Laboratories returned suspensions from each sample to our laboratory for species identification using molecular and morphological procedures (67) . Additional cysts were also extracted from soils retained from the original sample using the sieving-decanting method and from those soils we extracted juveniles using the Whitehead tray method. These additional extractions provided specimens collected independently for additional species identification in our laboratory.
Nematode DNA was extracted in at least duplicate from each soil sample using the abovementioned worm lysis buffer. Species-specific PCR was carried out in duplicate for each extract. For selected samples, the species identity was also confirmed by comparing the PCR-RFLP restriction pattern with those of known species and by examining key morphological features of the cysts under a compound microscope (65) .
Based upon identification of Heterodera spp. in soils collected on 19 Apr, a second field survey was performed on 7 May 2014. Sixteen samples were collected from fields that included the site of the unknown Heterodera spp. near Colton, and 14 additional sites at 0.5-to 1-km intervals to distances of 4 km north and 4 km south of the site of interest. These samplings were in low-lying areas of fields near the northward-flowing Union Flat Creek. Additionally, one sample was collected north of Pullman, where H. avenae was suspected of being the only Heterodera species present (reported previously as Fig. 3 in Smiley et al. (48) ). Samples were collected and processed as described previously for quantifications by Western Laboratories and for species identification by our laboratory.
Virulence of Heterodera spp. to spring wheat cv. Louise. Reproduction of Heterodera spp. on spring wheat cv. 'Louise' was examined under controlled-environmental conditions using soils collected from naturally infested fields. Louise is susceptible to PNW populations of H. avenae (45, 48) and has not been examined for its reaction to H. filipjevi. Soils were collected on 19 Apr 2014 from three Whitman County fields located within 3 km of each other. One field was infested with H. avenae ( Table 1 , Soil #15), one field was infested with H. filipjevi (#12), and neither species was detected in another field (#11). Each soil was a Covello silt loam, a coarse-silty, mixed, superactive, mesic Cumulic Haploxerolls. This soil series consists of deep, somewhat poorly drained soil formed on nearly level bottom lands along streams. Soil #12 was collected from the site reported previously as the Colton, WA site in Fig. 4 of Smiley et al. (48) .
The assay was conducted in large cones measuring 6.4-cm top diameter × 25.4-cm tall (D40 Deepots; Stuewe and Sons, Inc., Corvallis, OR). The bottom of each cone was filled with ¾-minus gravel to a depth covering the drainage holes. The gravel was washed and then 600 g of soil was placed over the gravel. Soils were collected as described above in the 'Distribution' section and stored at 4°C until dispensed into the assay pots.
On 30 Apr, one seed of Louise was planted at 1-cm depth into each of three replicate pots of each of the three soils. Pots were arranged in a randomized complete block design in support trays and incubated in a controlled environment chamber at 15°C with a 12-hr light interval for 5 wk and then for a further 3 wk at 18°C with a 15-hr light interval. Light was supplied by four fluorescent F32T8 Super 750 Envir-O-Light lamps (Service Lighting Supply Co., Sewickley, PA) that produced 2,750 lumens at a color temperature of 5,000 Kelvin and a color rendering index of 75. Soil was watered from the top whenever necessary to maintain a continuously moist soil surface. No supplemental fertilizer was provided.
Plant growth was terminated 8 wk after planting, at which time 357 growing-degree days had accumulated after seedling emergence, using an 8°C base for calculating the development of Heterodera species (12). Our harvest date was selected based upon a report that 358 degree days are required for development of fully embryonated eggs following the invasion of roots by H. filipjevi (12) . This calculation begins when roots become available for invasion, shortly before seedling emergence. Plant height was measured and then the shoot was severed from the root. Swollen white females and older brown cysts were extracted from roots and soil using a strong spray of water over a nested set of 710-and 250-µm-pore sieves. Swollen white females were dislodged from roots by manually rubbing the roots (23) . Females and soil debris were washed from the 60-mesh sieve (0.25-mm openings) into a fluidizing column (44) operated at a vertical flow rate of 63 ml/s. White females, brown cysts and associated organic debris were collected on another 60-mesh sieve and were washed onto 24-cm diam. qualitative filter papers (grade 631) in a gravity-dependent Buchner funnel. Newly-produced white females were counted at 0.8× magnification using a Zeiss dissecting microscope. Shoots and roots were dried at 60°C for 2 days and weighed.
The vulval cones of 10 randomly selected newly produced white females from each Heteroderainfested soil were examined to determine presence or absence of an underbridge using the totomount water agar method (9) . White females were placed on the surface of a thin layer of water agar in a Petri dish and then pushed into the agar with the posterior end facing directly upward to allow examination of the presence or absence of an underbridge. Females having no underbridge were classified as H. avenae and females with an underbridge were H. filipjevi (14, 65) .
Before drying, roots were examined visually for incidence and severity of the classical root knotting symptom in which adventitious roots proliferate at points on the root axis where the nematode established a specialized feeding cell (49) . Incidence was calculated as the percentage of plants exhibiting at least one knotted root. The severity rating scale was as follows: 1 = no evidence of damage, 2 = 1 to 3 knots/root system, 3 = 3 to 5 knots, 4 = >5 knots and <20% reduction in plant height or root mass, and 5 = >5 knots and >20% reduction in plant height or root mass.
The experiment was repeated on 12 May using soils collected on 7 May. The three silt loams used for the second repetition of this experiment are shown in Table 1 as #22 (no Heterodera spp.), #28 (H. filipjevi), and #36 (H. avenae). Soil #28 was collected from the site reported previously as the Colton, WA site in Fig.  4 of Smiley et al. (48) , and Soil #36 was collected from the site reported previously as the Pullman, WA site in Fig. 3 of Smiley et al. (48) . All procedures were the same as described for the first experiment except that the entire incubation was performed at 18°C and a 15-hr light interval, and the harvest date was at 406 degree days following seedling emergence.
Virulence on six spring wheat cultivars. Six spring wheat cultivars were assayed in Covello silt loam, one of which contained no detectable Heterodera spp. (Table 1 , Soil #11) and two of which were naturally infested with population densities of about 4,500 eggs plus juveniles of either H. avenae (#3) or H. filipjevi (#12). Each soil was collected during the field survey performed on 19 Apr.
The assay was initiated on 30 Apr using methods similar to those described for virulence assays with cv.
Louise, except that plants were assayed in small cones measuring 3.8-cm top diameter × 20-cm tall (Ray Leach S10 Super Cone-tainers; Stuewe and Sons, Inc., Corvallis, OR). Individual cones were filled with 120 g of soil. Cultivars assayed in this experiment included Louise, 'Ouyen', 'WB 936', 'WB Rockland', 'Sönmez', and 'SY Steelhead'. As with Louise, WB 936 is susceptible to PNW populations of H. avenae (45, 47, 48) and has an unknown reaction to H. filipjevi. Ouyen is an Australian cultivar (27) that contains the single dominant Cre1 gene for resistance to H. avenae (41; http://wheatpedigree.net/sort/renderPedigree/15032) and is resistant to PNW populations of H. avenae (45, 52) . WB Rockland is resistant to PNW populations of H. avenae (45, 47, 48) . Sönmez (CIMMYT Turkey ACC 950193) exhibits moderate resistance to H. filipjevi in Turkey (38) and is susceptible to PNW populations of H. avenae (45, 48) . SY Steelhead (tested as SY-97621-05) was resistant to the CCN population in Soils #12 and #28 (Table 1 ) during a field trial in 2012 at the Colton, WA site from which these soils were collected (48) .
Phenotypic resistance reactions were assigned using the rating scale of Lücke (25) . Mean number of white females produced per plant were compared with the number produced on the pre-assigned susceptible control cultivar Louise. Resistance reactions were VR = resistant (≤1% of white females produced on susceptible control), R = resistant (1.1-5%), MR = moderately resistant (5.1-15%), MS = moderately susceptible (15.1-30%), S = susceptible (30.1-60%), VS = very susceptible (>60%).
As for the trial with cv. Louise, the presence or absence of an underbridge was examined on 10 randomly selected white females taken from the roots of cv. Louise in each Heterodera-infested soil. Females without an underbridge were considered to be H. avenae and females with an underbridge were considered to be H. filipjevi.
The experiment was repeated with a planting on 12 May using soils collected on 7 May; Table 1 , Soil #22 (no Heterodera spp.), #28 (H. filipjevi) and #36 (H. avenae). All procedures in the second repetition were the same as described for the first repetition except that the entire incubation was performed at 18°C and a 15-hr light interval, and the harvest date was at 406 degree days following seedling emergence.
Statistical analyses for resistance experiments. Genotypic growth differences and numbers of newly formed white females in the experiment with cv. Louise were analyzed using analysis of variance (ANOVA) and a 2-way randomized complete block design with experimental repetition and soil (Heterodera spp. or control) as treatments and replicates as blocks. ANOVA was performed using CoStat Statistical Software (Co-Stat v. 6.400, CoHort Software, Monterey, CA). When treatment means for plant height, shoot weight, root weight or root/shoot ratio were significant at α < 0.05, means were separated using the Tukey's Honestly Significant Difference (HSD) test. Data are reported as the means and standard error of the means. Analyses of white females was performed on data normalized by using the ln(x+1) transformation and logarithmic means were back-transformed for presentation. Means of ordinate data for root knotting severity were analyzed by the Kruskal-Wallis Test. When the Pearson's chisquared (χ 2 ) value for the experiment was significant at α < 0.05 the treatments were examined pair-wise to determine which treatments differed significantly. A 3-way ANOVA was performed for the two repetitions of the experiment in which the six cultivars were planted into three soils. Treatments were repetition, soil (Heterodera spp. or control) and cultivar. When the repetition effect was significant the repetitions were analyzed separately using 2-way ANOVA, with soil and cultivar as main treatments. Finally, when the effect of soil (Heterodera spp. or the control) was significant, 1-way ANOVA was performed for each soil treatment, using cultivar as the treatment variable.
RESULTS
Identification of Heterodera species. Results of PCR assays indicated that the cysts from the initial sample were not H. avenae and were H. filipjevi (Fig.  1) . These results were based upon eggs taken from cysts in soil as well as a cyst detached from a wheat root in the sample.
Based on species-specific PCR assays of 16 subsequent soil samples, six samples (#12, #13, #24, #26-28) near Colton, WA produced specific bands with the same size (170 bp) as the H. filipjevi-positive control and did not produce any amplification with the H. avenae primers. The PCR amplifications for three of the samples using the H. filipjevi primers are shown in Fig. 1 . Therefore, the nematode species in these samples was identified as entirely H. filipjevi (Table 1) . Soil samples from eight samples (#1-5, #8, #15, #36) near Colfax, Pullman, and Uniontown, WA produced PCR bands with the same size (242 bp) as the H. avenae-positive control and did not show amplification using the H. filipjevi-specific primers, indicating that the nematode species in these samples was entirely H. avenae (Table 1 ). The first DNA extract from a cyst of sample #6 near Colfax produced the H. filipjevi-specific band using the H. filipjevi primer pair but the second DNA extract from juveniles extracted from soil of that same sample produced the H. avenae-specific band using the H. avenae primer pair. The DNA extracts from sample #21 (Uniontown) produced the H. filipjevi-specific band plus the H.
avenae-specific band when tested with the corresponding primers. These results indicated that soil samples #6 and #21 contained mixed populations of H. avenae and H. filipjevi (Table 1) .
The species identity in 15 of the 16 soil samples was also examined by the PCR-RFLP restriction pattern (Figs. 2-4 (Figs. 3 and 4) . These PCR-RFLP results confirmed that samples #6 and #21 had mixed populations of H. avenae and H. filipjevi (Table 1) . Intraspecific polymorphism was observed between the four H. avenae populations from Pullman and Colfax, WA using RsaI digestion (Fig. 3) .
Species identity in six soil samples (#6, #12, #15, #24, #26 and #28) was also confirmed by cyst morphology. The cuticle of mature cysts in samples #12, #24, #26 and #28 were golden-to light-brown in color, which is similar to that of H. filipjevi. The cuticle of mature cysts in sample #15 was dark-brown to black, which is similar to H. avenae. A mixture of light-brown and dark-brown cysts was found in sample #6. The vulval cones in H. filipjevi cysts (#6, #12, #24, #26 and #28) had a well-developed underbridge with bifurcated arms, the semifenestrae were horseshoe shaped, and bullae were small to medium in size and light to medium brown in color. The vulval cones in H. avenae cysts (#6 and #15) had no underbridge, the semifenestrae were oval, and bullae were well developed, numerous, and dark brown, impeding the observation of the fenestral structure.
The consensus sequence data were obtained from both directions of sequencing of the ITS region of rDNA from two H. filipjevi populations (Soils #12 and #26). The nucleotide blast analysis with known sequences in the GenBank showed that the H. filipjevi sequences from Colton WA were identical to the ITS sequence of H. filipjevi from Imbler, OR (GU079654) and the ITS sequences of at least 13 H. filipjevi isolates from other countries (GU083595, AY347922, AY148403, AY148402, AF274399, AY148397, AY148398, JX024205, JX024206, JX024203, JX235959, JX024207, KF225725). The target H. filipjevi also showed 99% sequence similarity with at least 24 other isolates of H. filipjevi. However, it had 4-5% sequence dissimilarity with all H. avenae isolates in the distribution of 100 blast hits on the query sequence except one from China (KF679395 Virulence of Heterodera spp. to spring wheat cv. Louise. H. avenae and H. filipjevi were each virulent on Louise. More than 20 white females were formed on roots of each plant examined ( Table 2) . Numbers of white females/root system did not differ among repetitions (P=0.7765) or between H. avenae and H. filipjevi (Table 2) , and the interaction between experimental repetition and Heterodera spp. was not significant (P = 0.8291). No white females or old brown cysts were detected in the control soil. Newlyformed white cysts recovered from roots and evaluated for presence or absence of an underbridge in the vulval cone confirmed that identity of all examined cysts in each soil were consistent with the soils that had been determined to be infested by either H. avenae or H. filipjevi. The severity of the root knotting symptom differed significantly between repetitions, soil treatments, and for the repetition × soil interaction at P<0.0001. Severity ratings averaged1.0, 4.5 and 4.5 for the non-infested control soil and the soils infested with H. avenae and H. filipjevi, respectively (Table 2) . Plant height differed significantly between experiments and soils, and the repetition × soil interaction was not significant. Average height was greater (56 vs. 45 cm) during the second than the first repetition, likely reflecting the greater number of growing degree days before the second repetition was harvested. Averaged over both repetitions, plant height was less in Heterodera-infested soil than in noninfested soil (Table 2) . Shoot weight and root weight were significantly lower in soil infested by H. filipjevi than in soil infested by H. avenae, and the latter did not differ from the non-infested control soil ( Table 2) . Neither shoot weight nor root weight differed significantly between repetitions, nor was the repetition × soil interaction significant for either of these parameters. These data indicated that both pathogens were virulent on Louise and that plant growth differences occurred among soils, presumably because the soils were collected from fields that were likely to have been managed differently. We concluded that Louise could serve as the susceptible control for the subsequent cultivar experiment.
Virulence of Heterodera spp. to six spring wheat cultivars. Data for the non-infested control soil treatment was analyzed separately to determine if differences in growth occurred as a result of soil treatment. The treatment effect for plant height was significant (P < 0.0001) for experimental repetition and cultivar. Repetition was also significant for shoot weight and root weight, and cultivar was significant for shoot weight but not for root weight. The repetition × cultivar interaction was significant for plant height but not for shoot weight or root weight. These relationships indicated that plant growth was greater in the second than in the first repetition; 43 Experimental parameters of greatest interest in the 6-cultivar assay were those associated with disease symptoms and signs. The incidence of root abnormalities characteristic of invasion by Heterodera spp. was 100% for each cultivar and each Heterodera spp. in each repetition of the experiment (data not shown). No root abnormality or swollen white females of Heterodera spp. were detected in any cultivar in the control soil. As in the previous assay with cv. Louise, evaluation of vulval cones of all newly formed white cysts confirmed the accuracy of species identity in each soil. Assay conditions were therefore considered favorable for comparing the six cultivars.
In the first repetition, root disease severity and numbers of swollen white females were each significantly less on Ouyen and WB Rockland than on Louise in soil infested by H. avenae, and were less on Sönmez and SY Steelhead than on Louise, WB 936 and WB Rockland in soil infested by H. filipjevi (Table 3 ). In the second repetition, root disease severity ratings did not differ among cultivars in soils infested with H. avenae or H. filipjevi ( Table 3) . As in the first repetition, the number of white females in soil infested with H. avenae was significantly lower for Ouyen and WB Rockland than for the other four cultivars. In soil infested with H. filipjevi, the number of white females was lower for Sönmez and SY Steelhead than for Louise, WB Rockland and WB 936.
Ouyen and WB Rockland were characterized as resistant to H. avenae in the both repetitions (Table 3) . Sönmez was characterized as resistant to H. filipjevi in both repetitions and SY Steelhead was rated as moderately resistant to H. filipjevi in both repetitions. Louise and WB936 were susceptible to both Heterodera spp.
DISCUSSION
We report here the largest and most pure cluster of H. filipjevi-infested fields currently known to exist in the USA. A specimen from one field in the cluster was initially identified using species-specific PCR (67) . This cluster of fields in Washington is only the second location where H. filipjevi has been detected in North America (51, 64) . This report therefore establishes the presence of H. filipjevi in at least two states, and is particularly important because Whitman County, WA produces a greater quantity of wheat than any other county in the USA (61). Greater emphasis on managing both H. avenae and H. filipjevi is therefore warranted. Much research on fields infested with H. avenae has already been conducted in the PNW (43, 45, 46, 48, 50, 52) and extensive research on both species has been conducted in other regions of the world (5, 28, 33, 35, 49, 60) .
Samples from two fields surveyed for this research ( We anticipate that H. filipjevi will be detected in additional locations and states when newly developed species-specific PCR diagnostic tests (59,67) are used routinely in commercial nematode testing laboratories. In the past, these laboratories have enumerated Heterodera in thousands of samples annually but they typically quantified them as members of the H. avenae Group, without naming the specific species due to the difficulty, time and expense previously required to distinguish these species using morphological metrics (14,63) or DNA-based tests such as PCR-RFLP (1, 6, 26, 36, (53) (54) (55) 57, 65) . It is fortuitous that recent development of less expensive and more rapid PCR tests (59,67) has occurred at the time when identifying individual species of Heterodera in PNW soils has also become more important. One laboratory that processes soil samples from throughout the western USA recently expanded their testing services to include species-specific PCR assays to distinguish the most important species occurring on small grains in the PNW, including H. avenae, H. filipjevi, Pratylenchus neglectus, and P. thornei (personal communication, Dr. Harry Kreeft, Western Laboratories, Parma, ID). The tests at Western Laboratories were derived from protocols reported by Yan et al. (66) (67) (68) (69) . The availability of a DNA-based species-specific commercial service is likely to greatly expand information on the geographic distribution of H. filipjevi in the PNW. This will become very important for wheat producers who will need that information to develop management plans on soils found to be infested with either H. avenae or H. filipjevi.
Intraspecific variation was detected among populations of H. avenae from Pullman and Colfax during this sampling of fields in Whitman County, WA. Variation in H. avenae was detected using the RsaI restriction endonuclease. However, our tests were too limited to provide surety of this finding. Additional testing is warranted because we reported earlier that we found no evidence of intraspecific variation among multiple populations of H. avenae from Idaho, Oregon and Washington (65) . At that time only one H. avenae population from Washington (nearest city: Palouse) was evaluated for intraspecific polymorphism (65) . Genetic diversity among H. avenae populations from Washington would be revealed with more testing of infested fields based on the finding reported in this study.
An important finding during this study was that the Heterodera species named for one of the locations reported in a recent manuscript (48) was erroneous. Difficulties in distinguishing H. avenae and H. filipjevi have been common since these species were separated in 1981 and that distinction became accepted during the following two decades (14, 37, 49) . As a recent example, the authors of this paper considered all populations of cereal cyst nematodes in Oregon to be H. avenae until the application of molecular tests revealed that an Oregon population from Imbler was H. filipjevi (51, 64, 65) . Specific to research reported in this paper, Fig. 4 in Smiley et al. (48) describes data from a field trial where resistance to a CCN was evaluated at a site near Colton, WA during 2012, where 'H. avenae' was reported as the species at that site. During 2012, 40 cultivars in the Western Regional Hard and Soft Spring Wheat Nurseries were evaluated at that location, including seven commercial cultivars and 33 advanced breeding lines from publicand private-sector breeding programs. Fig. 4 of Smiley et al. (48) reports SY-97621-05 (now registered as SY Steelhead) as resistant to 'H. avenae'. Results of three separate samplings from around and within that screening site and from nearby fields during 2014 are reported in this paper. We found the site near Colton to be heavily infested with H. filipjevi during all three samplings and we never detected H. avenae in the trial field or adjacent fields. Moreover, virulence assays performed in this study indicate that SY Steelhead is moderately resistant to H. filipjevi but not to H. avenae. We are now confident that the resistance of SY Steelhead to a cereal cyst nematode at Colton, WA during 2012 and during subsequent years was evaluated in soil infested by H. filipjevi rather than by H. avenae. Current and future cultivar screening trials being conducted at that site should now be interpreted in accordance with the new finding of identification of H. filipjevi at the Colton, WA screening site.
The nature and origin of SY Steelhead's resistance to H. filipjevi is unknown. This cultivar was developed by the AgriPro cereal improvement program, which is a component of Syngenta Cereals, Berthoud, CO. The pedigree of SY Steelhead is B95-0136 (ANB/5/EREN/RAP/3/JAR//SON/KLRE/4/ MAB/6/BOMB/LNI) / SCAB23-1 (THB/SEP7780// SUZG/ WEAVER//NING8675).
We also found Sönmez to be resistant to H. filipjevi, confirming previous reports of moderate resistance of Sönmez to H. filipjevi in Turkey (38) . In the work that we report here, Sönmez was susceptible to two populations of H. avenae from Whitman County, WA. In field trials during 2011 Sönmez also failed to reduce the post-harvest density of H. avenae at three locations in Idaho, Oregon and Washington (48) . During field trials in 2011, Heterodera species at each of the three locations evaluated directly by the authors of this paper were confirmed to be H. avenae through the use of molecular and morphological methods (48) . Sönmez was also susceptible to the Idaho population of H. avenae in a more-recent greenhouse assay (45). Smiley et al. (48) concluded that testing of Sönmez should be curtailed because that cultivar did not appear to be a useful resource for improving wheat tolerance or resistance to H. avenae in the PNW, and because only a few fields in Oregon were known at that time to be infested by a mixture of H. filipjevi and H. avenae. We suggested (48) that Sönmez may become a future resource for further evaluation if H. filipjevi became detected at other locations. It is now clear and important that Sönmez and SY Steelhead should be incorporated into wheat breeding programs in which cultivars that greatly reduce the reproductive capacity of H. filipjevi will be developed. The goal will be to pyramid genes for resistance to both H. avenae and H. filipjevi into breeding lines that will become released for production in CCN-infested fields. It is also important to identify and characterize the genes for resistance to H. filipjevi in Sönmez and SY Steelhead, and to develop molecular markers that can increase the efficiency of wheat breeding programs in Oregon and Washington.
We indicated earlier that both Louise and WB 936 were included in our assays because they were previously found to be susceptible to PNW populations of H. avenae (45, 48) and had unknown reactions to H. filipjevi. In view of the finding of an incorrect species designation of Heterodera at Colton, WA in our previous report (48), we now know that Louise was previously found, in 2012, to be susceptible to H. filipjevi. Results of assays reported in this paper confirm the susceptibility of Louise to H. filipjevi and report that WB 936, Ouyen and WB Rockland are also susceptible to H. filipjevi. The current assays also confirm previous reports that Ouyen and WB Rockland exhibit resistance to H. avenae (43, 45, 48, 52) . Ouyen contains the single dominant Cre1 gene for resistance to H. avenae (41; http://wheatpedigree.net/sort/renderPedigree/15032). The source of WB Rockland resistance to PNW populations of H. avenae is unknown (45, 48) . The pedigree of WB Rockland was described in Smiley et al. (48) . It was previously reported that different cultivars may exhibit different hosting abilities for H. avenae and H. filipjevi (15, 22) .
Two wheat cultivars that are resistant to moderately resistant to the population of H. filipjevi in Washington were identified during the course of this research. SY Steelhead is a recently released cultivar that could be utilized immediately on fields infested with H. filipjevi. Sönmez is produced on the Anatolian Plateau of Turkey, in regions where climatic conditions are very similar to the inland PNW. Sönmez was very competitive in grain yield with other PNW wheat cultivars in previous field trials in the PNW (48) but we did not examine the grain for quality characteristics that would be required for commercial production. One or both cultivars could be inserted into 3-yr rotations composed of a susceptible or resistant winter wheat cultivar, a resistant spring cereal such as Sönmez or SY Steelhead, and a pulse crop or bare fallow. Barley may be an alternative for a resistant spring wheat in the 3-yr rotation because spring barleys and oats were found to have greater resistance than spring wheat to H. filipjevi (16) , although this would not be advised for soils infested with H. avenae. These 3-yr rotations would be expected to reduce the density of H. filipjevi during the two year interval between crops of a susceptible winter wheat cultivar (5, 28) . Although eggs remain viable and are released over a period of years, the population declines by up to 70-80% annually by hatching and death of juveniles during periods of fallow or growth of non-hosts or resistant cultivars (3). The 3-yr rotation is nearly universally accepted as being of sufficient length between host crops to manage these Heterodera spp. at densities below a threshold for economic damage.
The resistance or susceptibility of winter wheat cultivars to H. filipjevi in the PNW has not been defined. However, winter wheat cv. 'Madsen', developed and released in Washington (2), was identified as the most resistant cultivar tested in field and glasshouse screenings of wheat cultivars using H. filipjevi-infested soils from China (24) . Resistance to H. filipjevi among spring wheat and winter wheat cultivars and lines were recently reported in Turkey (8, 19, 30, 58) and in China (7, 10) . Multiple accessions originating in North American wheat breeding programs were found to be resistant to H. filipjevi populations in Turkey (8) . Lastly, spring wheat cultivars have been screened in one of the fields highly infested with H. filipjevi near Colton, WA since 2012. Numerous cultivars and a mapping population derived from a cross between the spring wheat cvs. Louise and Ouyen have been screened at that location over the past 3 years. Reports from that work are likely to provide greater insight into potential cultivars that may be recommended for planting on H. filipjevi-infested fields.
Corn is a potential rotation crop because it is a poor host to both H. avenae and H. filipjevi (4, 21, 34, 40) . Bajaj and Kanwar (4) suggested the possibility that corn could be planted as a trap crop to reduce the density of CCN in soil. After invading corn roots the nematode either does not reproduce or it reproduces at a low rate. Nevertheless, an intolerant hypersensitive response to invasion may adversely affect rooting and yield (34) . Corn and broadleaf nonhosts are frequently grown in rotations that include wheat in irrigated fields of the PNW, and some rainfed corn is currently produced in areas of Whitman County that are infested with H. avenae.
An obligate diapause period is required before second-stage juveniles of H. avenae will emerge from brown cysts. This species generally requires that cysts be subjected to a cold-tempering period of about 2 months to establish optimal conditions for the release of the invasive juvenile stage during the spring (28, 35, 60) . For instance, in Russia, east of the Ural Mountains, H. avenae juveniles began to emerge from cysts in late April and more than half the potential population was free living in soil when cereals were planted at the end of May (32). Newly produced cysts of H. avenae in India required a one-month coldtempering period at 4ºC to stimulate hatching (56). In eastern Oregon, juveniles of H. avenae are first detected in soil during late February and the density increases rapidly during March (50) . However, in warmer climates, as in Algeria, H. avenae hatching may begin during autumn (October) and extend through spring (April) (42) . For H. filipjevi, juveniles begin to emerge from cysts during the autumn (October) and continue through spring (April) even in areas with cold winter climates, as in Turkey (39), Iran (12, 40) and Norway (15). Sahin et al. (39) reported that juveniles of H. filipjevi exhibited two hatching peaks in Turkey, during October and February. It appears that H. filipjevi does not have a diapause requirement and can hatch anytime when hosts become available, as was suggested by Sahin et al. (39) .
The discovery of H. filipjevi in Washington occurred in response to a routine application of molecular diagnostic tests recently developed in our laboratory (67) . At least one commercial lab that serves the nematode diagnostic needs of growers throughout the western USA recently added these DNA-based tests for cyst nematodes to similar tests they were already using to detect and quantify fungal pathogens. We anticipate that the known distribution of H. filipjevi will be expanded as commercial laboratories begin using DNA-based technologies more widely. Surveys of fields already known to be infested by 'H. avenae' in the western USA need to be re-examined to determine if the species designation has been misidentified. This may be particularly true for eastern Oregon and eastern Washington, where H. filipjevi is now known to occur. Also, some fields now known to be infested by H. filipjevi are located only 5 km west of the Washington-Idaho border and farming practices are nearly identical on both sides of that border. For existing and yet-to-be-identified infestations, a linkage of modern diagnostic methods and development of cultivars with resistance to H. avenae and H. filipjevi has the potential to improve yields of small grains in the PNW, as has been demonstrated in Norway (15) .
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